EXPERIMENTAL  AND  THEORETICAL  EVALUATION  OF 
ELECTROMAGNETIC  ENVIRONMENT  PRODUCED  BY 
DIRECT  ELECTRON  INJECTION  AT  AURORA 


M.  S.  Bushell,  W.  0.  Coburn, 

G.  Merkel,  and  W.  D.  Seharf 
US  Army  Electronics  Research  and 
Development  Command 
HARRY  DIAMOND  LABORATORIES 
Adelphi,  MD  20783 


ABSTRACT 

A  mosaic  of  experimental  data  accumulated 
during  the  last  year  or  two  indicates  that  when 
operated  in  the  electron  injection  mode  AURORA 
can  produce  a  very  fast  electromagnetic  re¬ 
sponse  in  a  large  number  of  sensors.  These 
fast  responses  are  consistent  with  an  electro¬ 
magnetic  environment  in  the  AURORA  test  cell 
that  has  a  very  fast  rise  time.  The  electro¬ 
magnetic  parameters  that  have  been  measured 
and  found  to  have  rise  times  less  than  10ns 
are  the  electric  field  and  the  magnetic  field. 
The  rise  time  of  the  relativistic  electron 
current  has  also  been  found  to  be  approximately 
10ns  at  a  number  of  positions  in  the  AURORA 
test  cell,  but  not  at  all  positions.  Two  pos¬ 
sible  mechanisms  that  contribute  to  the  fast 
rise  time  are: 

1  )  electric  field  clipping  due  to  conduc¬ 
tivity,  and 

2)  beam  erosion  due  to  the  inductance  of 
the  electron  beam  in  the  AURORA  test 
cell. 

INTRODUCTION 

One  of  the  goals  of  the  work  presented 
here  was  to  obtain  experimental  measurements 
of  the  electromagnetic  environment  produced 
in  the  AURORA  test  cell  by  the  direct  injec¬ 
tion  of  electrons.  The  experimental  details 
of  this  procedure  are  discussed  in  references 
1  and  2.  Another  goal  was  to  explain  the  meas¬ 
ured  electric  fields  and  magnetic  fields  in 
terms  of  a  reasonable  theoretical  framework. 

The  work  presented  here  is  an  extension 
of  the  work  in  reference  1 ,  with  added  empha¬ 
sis  on  the  electromagnetic  environment.  The 
data  now  available  are  not  sufficient  to  fully 
characterize  the  environment.  Rather,  a  few 
more  pieces  of  what  appears  to  be  a  rather 
extensive  mosaic  will- be  presented. 

GENERAL  DISCUSSION 

Figure  1  shows  the  dimensions  of  the 
AURORA  test  cell.  Figure  2  shows  isodose 
contours  for  a  typical  AURORA  e-beam  shot. 
Figure  3  compares  two  different  E-field  meas¬ 
urements  obtained  on  the  floor  at  position  "X" 
in  figure  1 .  The  two  measurements  were  ob¬ 
tained  with  two  parallel-plate  sensors--one 
with  a  plate  spacing  of  l/4-in.  and  the  other 
1/2-  in.  The  two  measurements  were  made  to 
check  the  effects  of  radiation  induced  sensor 
noise  (doubling  the  plate  separation  should 
double  the  signal  induced  by  the  E-field,  but 
not  that  due  to  direct-drive  radiation  noise). 
This  simple  test  suggests  that  the  measure¬ 
ments  are  reliable.  A  discussion  of  the  use 
of  parallel-plate  E-field  sensors  in  an  ionized 
conducting  air  environment  is  given  in  refer¬ 
ence  3. 


Figure  4  shows  the  diode  current  and 
voltage  time-histories  measured  by  Stewart 
Graybill  (reference  1 )  in  the  AURORA  coaxial 
tube  leading  to  the  AURORA  electron  emission 
diode.  A  question  that  immediately  arises  is, 
how  can  the  fast  electric-field  rise  times 
such  as  those  measured  on  the  AURORA  test  cell 
floor  (figure  3)  be  driven  by  electrons  that 
are  injected  by  a  diode  with  a  slow  acceler¬ 
ation  voltage  rise  time  such  as  that  shown  in 
figure  4? 

Theoretically,  if  the  spatial  and  tempo¬ 
ral  distributign^of  the  electron  current  den¬ 
sity  vector,  J(r.t)  ,  aijd  the  conductivity 
of  the  ionizing  air,  a(r,E,t)  ,  were  known 
throughout  the  AURORA  test  cell,  a  finite- 
difference  code  Maxwell-equation  solver  could 
be  used  to  calculate  the  response  shown  in 
figure  3.  The  determination  and  theoretical 
interpretation  of  J  and  a  can  be  based  on 
the  thermoluminescent  dosimetry  (TLD)  meas¬ 
urements  described  in  reference  4.  Of  course, 
TLD  techniques  only  yield  information  about 
the  local  integrated  dose  or  electron  current. 
TLD  techniques  yield  no  information  about 
the  time  variation  of  the  dose  rate  during  the 
deposition  of  the  total  dose.  Nor  is  any  in¬ 
formation  on  the  directionality  of  the  par¬ 
ticles  available  from  such  data.  As  a  first 
order  approximation,  the  dose-rate  waveform 
can  be  assumed  to  be  the  same  throughout  the 
entire  test  cell  (varying  only  in  amplitude). 
But  more  success  has  been  achieved  using  a 
more  complicated  scheme. 

The  most  successful  approach  to  the  inter¬ 
pretation  of  the  experimental  results  has  been 
to  assume  that  the  value  c  J  can  be  approx- 
imated  by  the  sum  of  two  p^ducts  such  as 

J(t,r)  =  T1  (t  )i?.|  (r )  +  T2(t)$2(r)  .  (l) 

Figure  5  compares  a  finite-difference  calcu¬ 
lation  using  the  THREDE5  code  (assuming  current 
drivers  of  the  form  shown  in  equation  (1)), 
and  experimental  results.  Calculations  using 
drivers  of  the  form  shown  in  equation  (1)  yield 
E-fields  that  have  the  experimentally  measured 
shape  and  magnitude  over  most  of  the  test  vol¬ 
ume.  As  will  be  explained  in  a  later  section 
of  the  paper,  distributions  of  the  type  shown 
in  equation  (1)  are  needed  to  incorporate  the 
complicated  temporal  and  spatial  variation  of 
the  electrons.  The  early  and  late  parts  of 
the  injected  e-beam  correspond  to  low-energy 
electrons  that  have  ranges  shorter  than  the 
AURORA  test  cell.  These  low-energy  electrons 
can  result  in  the  deposition  of  an  appreciable 
amount  of  charge  into  the  volume  of  the  test 
cell.  The  high-energy  portion  of  the  energy 
distribution  of  the  injected  electrons  corre¬ 
sponds  to  electron  ranges  which  terminate  in 
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the  conducting  walls  of  the  AURORA  test  cell. 

The  results  obtained  with  a  large,  com¬ 
plicated  finite  difference  code  are  frequently 
difficult  to  interpret.  These  codes  include 
a  great  number  of  phenomena  whose  relative 
importance  is  difficult  to  determine.  A  num¬ 
ber  of  simple  models  and  arguments  can,  how¬ 
ever,  yield  insight  into  the  general  shape  of 
the  measured  E-field  and  the  necessity  of 
using  an  expression  of  the  form  (1)  for  the 
current  driver. 


CLIPPING 

One  of  the  factors  contributing  to  the 
fast  rise-time  of  the  E-field  pulse  is  the 
clipping  effect  of  air  conductivity.  Consider 
Maxwell's  equation  for  the  curl  of  H: 

VxH  =  e0||  +  o(t ,E)E  +  J  .  (2) 

where  J  is  the  electron  current  density 
produced  by  the  electrons  injected  into  the 
AURORA  test  cell.  In  a  region  in  the  center 
of  the  AURORA  test  cell,  far  from  the  walls, 
VxH  =  0,  and  equation  (2)  becomes 

e0ff  +  a(t,E)E  +  J  =  0  .  (3) 

The  solution  to  this  purely  local  (no  spatial 
derivatives)  equation  for  a  number  of  differ¬ 
ent  electron  current  densities,  but  with  the 
same  rise  time,  is  shown  in  figure  6.  Figure 
7  shows  an  equivalent  circuit  that  is  an  ana¬ 
log  to  equation  (3).  The  shape  of  the  curves 
in  figure  6  can  be  explained  in  terms  of  a 
clipping  or  limiting  action  of  the  time-vary¬ 
ing  resistance  across  the  capacitor  in  fig¬ 
ure  7.  It  is  easy  to  see  from  this  analysis 
how  even  a  slowly  rising  electron  current 
density  can  produce  an  electric  field  with  a 
fast  rise  time. 


BEAM  INDUCTANCE 

A  number  of  electron  current  density  meas¬ 
urements  have  also  been  made  (see  reference  6). 
The  results  of  two  of  these  measurements  are 
shown  in  figures  8  and  9.  As  can  be  seen, 
there  is  a  rise-time  enhancement  as  the  elec¬ 
tron  beam  propagates  along  the  AURORA  test 
cell.  Figure  10  shows  a  magnetic-field  meas¬ 
urement  obtained  on  the  floor  at  position  "Y" 
in  figure  1  with  a  large  loop.  This  measure¬ 
ment  implies  a  very  fast  build  up  of  total 
current,  (i.e_.  ,  Jtotal  =  crE  +  J )  in  the  AURORA 
test  cell.  A  good  candidate  for  the  cause  of 
the  shortened  rise  time  of  the  injected  e-beam 
is  beam  inductance.  Let  1^  be  the  total 
beam  current  injected  into  the  AURORA  test 
cell,  and  let  Ir  be  the  return  current  in 
the  beam  channel.  Then  the  net  current,  Inet, 
will  be 

Inet  =  Ibeam  “  Ireturn 


Figure  11a  is  a  schematic  diagram  that  shows 
these  currents  in  the  AURORA  test  cell.  Con¬ 
sider  the  simplest  geometry,  i.e.,  a  homog¬ 
eneous  beam  with  net  current  Inet  and  radius 
Rb  propagating  down  a  pipe  with  radius  Rw  . 
Then  the  value  of  the  electric  field  that 
opposes  the  increase  in  e-beam  current  is 
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Note  that  at  the  beginning  of  the  beam  cur¬ 
rent  pulse,  the  energy  of  the  electrons  is 
small  and  the  opposing  field  Ez  will  have 
its  greatest  effect. 

Figure  11a  shows  a  loop  antenna  posi¬ 
tioned  to  yield  information  about  the  value 
of  Inet  •  Magnetic  field  measurement 

shown  in  figure  10  implies  an  Inet  of 
approximately  40  kA ;  this  is  to  be  compared 
to  an  Ibeam  of  approximately  250  kA.  The 
rise  time  of  the  loop  response  is  approx¬ 
imately  At  =  10*8  seconds,  therefore, 

Ez  =  4  x  105  =  400  kV/m  . 

Figure  11b  shows  the  results  of  a  3-dimension¬ 
al  finite  difference  code  calculation  of  the 
electric  field  Ez .  The  magnitude  of  the 
code  prediction  compares  favorably  with  the 
value  of  400  kV/m  just  calculated. 

The  dip  in  the  pulse  takes  place  at  max¬ 
imum  e-beam  current  and  is  the  result  of  the 
large  air  conductivity  produced  by  the  large 
number  of  secondary  conduction  electrons  con¬ 
comitant  with  the  large  beam  current. 

QUASI-STATIC  CHARGE  RELAXATION 

As  the  beam  pulse  of  injected  electrons 
comes  to  an  end,  two  things  occur:  the  energy 
of  the  injected  electrons  decreases  and  the 
magnitude  of  the  beam  current  also  decreases. 
At  the  peak  of  the  electron  emission  pulse 
the  AURORA  diode  voltage  and  the  e-beam  cur¬ 
rent  are  both  relatively  slowly  varying,  and 
the  injected  electrons  have  long  trajectories 
that  terminate  in  the  metallic  walls  of  the 
cell.  However,  as  the  AURORA  diode  voltage 
decreases,  the  energy  of  accelerated  electrons 
also  decreases  and  the  electrons  that  are  in¬ 
jected  into  the  AURORA  test  cell  have  trajec¬ 
tories  that  terminate  in  the  volume  of  the 
cell.  The  shorter  electron  trajectories  are 
accompanied  by  decreasing  beam  currents  and 
hence  decreasing  ionized  air  conductivities. 
(The  conduction  electrons  that  are  lost  due 
to  oxygen  molecule  attachment  are  only  parti¬ 
ally  replenished  by  secondary  electrons  pro¬ 
duced  by  the  beam  current.)  The  result  of 
the  short-range  electrons  and  diminished  air 
conductivity  is  a  large  increase  in  the  E- 
field  in  the  AURORA  test  cell  produced  by 
trapped  charge.  The  trapped  charge  eventually 
leaks  out  of  the  AURORA  test  cell,  and  the 
slow  decay  of  the  late-time  E-field  pulse  is 
consistent  with  the  low  value  of  air  con¬ 
ductivity  characterized  by  heavy-ion  carriers. 

The  decay  of  the  second  pulse  in  the  E- 
field  can  be  discussed  in  terms  of  the  con¬ 
servation  of  charge  and  Gauss's  law.  It  is 
easy  to  show  that  the  decay  of  the  E-field  is 
given  by 

E  =  E0(t/to)~wI9/,Ek 

where  k  is  the  ionic  recombination  constant 
and  pj  the  average  ionic  mobility. 

CONCLUSION 

To  recapitulate:  (1)  beam  erosion  (caused 
by  the  large  inductive  E-field)  plus  air  con¬ 
ductivity  clipping  produce  an  E-field  in  the 
AURORA  test  cell  with  a  rise  time  in  the  nano¬ 
second  regime,  (2)  the  large  air  conductivity 
at  maximum  beam  current  shorts  out  the  E-field 
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in  the  AURORA  test  cell,  and  (3)  after  the 
AURORA  pulse  terminates,  there  is  a  large  quasi¬ 
static  E-field,  produced  by  trapped  charge, 
that  is  slowly  neutralized  by  virtue  of  ionic 
air  conductivity. 
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Figure  1.  Top  view  of  AURORA  test  cell. 


Figure  2.  Side  view  of  AURORA  test  cell  showing 
isodose  contours  for  typical  electron 
beam  shot.  Doses  are  in  rads (silicon) . 

From  dosimetry  data  taken  by  Klaus  Kerris. 


Figure  3.  Comparison  between  electric  field  measur- 
ments  made  with  a  12  inch  wire  grid  sensor 
with  different  plate  separations. 


Figure  4.  AURORA  cathode  voltage  (a)  and  cathode 
current  (b)  as  a  function  of  time  for 
a  90-KV  charging  voltage.  From  Ref.  1. 
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Figure  5.  Comparison  between  experimental  measure¬ 
ment  and  HDL  SREMP  Group  finite-difference 
code  prediction  of  electric  field  in  AURORA 
test  cell  at  10  meter  mark  during  e-beam 
test  (Shot  number  3957) 
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Figure  6.  Solution  of  equation  3  for  various  peak 
dose  rates.  The  driving  radiation  pulse, 
which  was  the  same  in  each  case  except  for 
a  multiplicative  scale  factor,  peaked  at 
about  40  ns  (well  after  all  the  E-field 
peaks. 
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Figure  7.  Equivalent  circuit  yielding  results  consistent 
with  curves  shown  in  figures  5  and  7. 


Figure  10,  Current  response  of  self-integrating 

magnetic  field  loop  positioned  in  AURORA 
test  cell  as  shown  in  Fig.  11a. 
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Figure  8.  Compton  current  measurement  made  in 

AURORA  on  beam  center  line  at  5.62  meter 
mark  1.5  meters  off  floor  during 
e-beam  test. 


Figure  9.  Compton  current  measurement  made  in 

AURORA  on  beam  center  line  at  8.75  meter 
mark  1  meter  off  floor  during  e-beam  test. 


Figure  11a.  Schematic  drawing  of  AURORA  test  cell.  The 
electron  current  density,  j  ,  is  injected 
into  the  test  cell.  The  inductive  electric 
field,  E  ,  causes  a  current  density  E  0,  to 
flow  in  ihe  opposite  direction.  The  mlgnetic 
field  loop  placed  as  shown  responds  to  the 

total  current  density,  j  =i  +  aE  . 
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Figure  lib.  Finite-difference  code  prediction  of  forward 
E-field  at  beam  center  3  meters  from  snout. 
The  direction  of  this  field  is  such  that  at 
early  times  it  opposes  the  propagation  of 
the  electrons  in  the  beam. 
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